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INTRODUCTION
This research program has been the final extension of a previous research grant that
was completed on August 31, 1988 and was reported in the final report dated September
12, 1988. The work described here is the final part of the effort covering the period from
September 1988 to September 31, 1989.
The work since September of 1988 has resulted in the following developments:
 scientific methods for generation of robot trajectories that can deliver maximum
impulse at the end-point of the trajectory.
» design of the world modeling system RWORLD (Robot WORLD) for CAD
Based robot programming and simulation.
+ final development and completion of the computer software OPTLOAD for cal-
culation of load optimal robot trajectonies.
 initial work in the development of a theoretical basis for world model calibration
based on features.
The results of the above developments have been or are being published in the fol-
lowing technical publications:
A. RPUBLISHED
1. Ravani, B., "World Modeling for CAD Based Robot Programming and Simulation,"
Int'l Journal of Robotics and Automation, Vol. 4, No. 2, 1989, pp. 96-105.
B. PLANNED PUBLICATIONS
1. Wang, L.T. and B. Rcvani, "Maximum Impulse Robot Trajectories,” Technical
Note, to be submitted to the ASME Journal of Dynamic Systems, Measurements and
Control.
2. Ravani, B,, S. Serrien, and H. Van Brussel, "World Model Calibration in Robot

Simulation,” to be submitted to Journal of Manufacturing Systems.
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The available set of these publications (A.1) or their theoretical basis (B.2) is given
in Appendix A. These publications are in addition to the eight technical publicaticis

described in the Final Report of 12 September 1988.

SUMMARY OF SCIENTIFIC PROGRESS AND RESULTS

A method has been developed that would allow generation of robot trajectories that
can deliver maximum impulse at a specified end-point of their trajectoiy. Since impulse can
be related to the dynamic payload, the method for generation of load optimal trajectories
developed earlier has been modified to handle the probiem. The resulting scheme has ap-
plications in military applications of robotics involving automatic loading of weapon
systems. In such a situation proper engagement of the ammunition in certain weapons
require an impulsive motion from the robot.

In the area of CAD based simulation, the initial design of a world modeling system
has been completed. The system referred to as RWORLD (Robot WORLD) is designed
using cur experience base from the development of the off-line robot simulation system
STAR. RWORLD, however, advances the state of the art in CAD based robot program-
ming and simulation in several areas. The system can support interfaces to the actual robot
workcell environment allowing for calibration of the workcell for inaccuracies. The system
models geometrical, kinematical, relational and physical properties of the world, allowing
for geometrical and spatial reasoning as well as reasoning about the mechanics of manipu-
lation. It also supports simulation of several sensory functions and multiple arm coordi-
nated control.

The initial design of the RWORLD has also been modified to be able to perform
world model calibration based on geometric features. This is the first time that world
modcei caiiliration is addressed from a feature level point of view. Furthermore, the addi-

tion of a feature primitive to the data structure of RWORLD has opener np 2 new direction




of research in feature based programming and simulation. This together with expansion of

RWORLD is part of the basis for our newly funded ARO project.

SCIENTIFIC PERSONNEL

The following personnel were supported on a partial basis during different phases

of this project over the last year:

a. Principal Investigator: Professor B. Ravani
b. Graduate Students:
1. S. Serrien

2. C. Choi
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International Journal of Robotics and Automation, Vol 4, No. 2, 1939

WORLD MODELING FOR CAD-BASED
ROBOT PROGRAMMING AND SIMULATION

Bahram Ravani (*)

Abstract

The design of a world modeling system for CAD-based robot
programming and simulation is presented. The system can support
interfaces to actual robot workcell environments, allowing for calibra-
tion of the workeell model for inaccuracies and its use for robot con-
trui. The system models geometrical. spatial. relational. and physical
properties of the world, allowing for geometrical and spatial reason-
ing as well as reasoning about the mechanics of manipulation. It
supports simulstion of several sensory functions and multiple-arm
coordinated control. It also supports representation of assemblies
and aggregation of multiple devices. The system design presented
is the basis of a world modeling syvstem for model-based robot task

planning. simulation. and control currently under development.
Key Words

Geometric Modeling. Robotic Programming, CAD/CAM

1. Introduction

World modeling is the process of providing a com-
buter representation of a workcell in robotic applications.
The world motel provides the necessary knowledge of the
rabot workcell for a task planner to generate appropriate
robot motion control commands. The task planner ac-
cesses the world model when converting implicit or explicit
motion commands into trajectory directives. and updates
the world model when the state of the workeell configura-
tizn changes. During rabet task execution. for example.
parts are grasped. repositioned. and released or assemblies
are created.
niodel

In CAD-based robot programming. the world mode!
includes CAD models of the robot and its workeell envi-
tonment. If the programmer performs reasoning for task-
rlanning purposes by interacting with a computer graphics
iCAD) display of the robot and its environment (generated
from the data in the world model). the programming or

Al this must be reflected within the world

the task-planning process is called interactive or off-line
(see for example. [1.2]). On the other hand. if a computer
program (using the data in the world model) performs the
reasoning for task planning. the process is called autoratic
robot task planning and programming (see for exar ple.
13.4]).

t This paper was first published in NATO ASI Series F. Vol. 50,
CAD-Based Programming for Sensor Robots. ed. B. Ravani.
Springer Verlag, 1988.

{*) Department of Mechanical Engineering, University of Califor-
nia - Davis. Davis, CA 95616 USA
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This paper describes the design of the world miodeling
svstem RWORLD (Robot WORLD). which is the Lasis of
a CAD based ioff-line) robot programming and simulation
environment presentiy under development in our labora-
torv. In contrast to its predecessor off-line planning sys-
tem STAR ({5]). RWORLD has real time interfaces to the
actual robot workcell both for correcting inaccuracies in
the world model as well as for model based robot control.
The system has several advanced capabilities providing for
an inactive environment lor robot task planning. simula-
tion. and control. It models geometrical (CAD). relational.
and physical (kinematic and dynamic) properties of the
world. These allow for geometrical and spatial reasoning
as well as reasoning about the mechanic of manipulation.
RWORLD is also structured to support parallelism (paral-
lel execution) for simulation of multiple cooperative robot
arms cperating at the same time. Furthermore, it allows
definition of aggregation and assemblies to handle simula-
tion of tool changes and creation of component assemblies.
It also uses sensory processing for world model calibration
eliminating or reducing modeling errors. Finally, the sys-
tem provides functions for geometric simulation of sensory
interactions allowing emulation of error recovery during
interactive task planning.

Each of the foregoing features is described in more
detail in subsequent sections.

2. Modeling of Robotic Workcell Environments

In off-line planning and simulation, the simulator re-
quires an appropriate modei of the robot world. In robotic
control. the planner also accesses the same world model.
The world model should include a geometrical as well as a
rhuvsical deseription of the world. It should also describe
the relationships betwee:, different entities in the world.
The geometrical description i1s needed for geometrical rea-
soning and the physical description is needed for reasoning
about the mechanics of manipulation. The relational de-
scription allows for spatial and temporal reasoning and
planning.

In a complex application, a mantpulator may use sev-
eral different tools and end-effectors. interact with other
equipment ot mantpulators. and use sensory data and pro-
cess parts to create component assemblies or products.
The tools or end-effectors used may be other complex
manipulators such as dexterous mechanical hands. The
parts may also be subassemblies of other parts. This
means that robot workcells consist in hierarchical or non-

hierarchical aggregations of several distinct elements such
as parts, equipment, and sensors, each having different
physical representations. A rigid part. for example. does
not have any internal kinematic representation. while a




manipulator does have an internal kinematic representa-
tion due to the relative freedom between its links. For this
reason, RWORLD uses a multi-primitive representation
of the workcell environment at an abstract level. These
abstract primitives are devices. rigid objects (objects for
short), frames, and sensors. There are also a set of affix-
ment descriptors representing the relation hrtween thess
primitives.

A device is an entity having one or mcre internal de-
grees of freedom. A deviee can affect ohyocts within its
workspace by imparting motion to them. exerting a force
on them, or processing them. Examples of devices are
robots, machine tools. convevor helts, end-effectors. and
flexible fixtures. A rigid object is an entity with no inter-
nal degree of freedom but that is capable of being moved
with six degrees of freedom in the workcell environment.
Examples of objects are workpieces and tubles. The two
primitives of devices and objects are defined 1n a hierar-
chical fashion such that objects can be accessed by devices
but devices cannot be accessed by objects. This is be-
cause objects can be processed or manipulated by devices
but devices cannot be manipulated or piocessed by ob-
jects Frames are the third primitive in the world i:odel:
they are used to mark a location. i.e.. a nosition and ori-
entation in space. Such frames are referred to as nafural
frames. In addition to their use as one of the basic elements
of the world model. frame primitives are also used to mark
feature locations on objects or devices. Such frames are re-
ferred to as auziliary frames. Frames indicating target lo-
cations in space can also be considered as auxiliary frames
for the free space. Sensors are the last primitive within
the world model. A sensor primitive provides a functional
representation for sensory interactions for simulation pur-
poses. RWORLD design facilitates emulation of touch.
tactije, proximity. and presence-scnsing functions.

The sensor primitive has the same hierarchical leve] as
the object primitive within the data structure: it can there-
fore be attached to devices and objects. Frames are in the
lowest level of hierarchy. They can he attached to them-
selves. objects or sensors. and devices. Fig .1 illustrates
the hierarchical organization of these four primitives.

DEVICE
|

OBJECT <——— SENSOR

FRAME

Figure 1.
primitives

The hierarchical organization of RWORLD
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The four primitives of frames. objects. sensors. and
devices form the basis for spatial. geometrical. relatioral.
and physical representation of the world. RWORLD sup-
ports muitiple representation of these primitives at geo-
metrical and physical levels to speed up the computations
neeessary at different levels of robot task planning, simu-
lation. and pregramummng.

3. Spatial and Geometrical
Representation of the World

The spatial and geometrical ropresentation of ti-
robot workeell can be described by assignine certain own-
ership propertiss for the four abstract primitives of frames,
objects. sensors. and devices. A frame primitive is then
represented by a name and will ewn a homogeneous trans-
formation matrix and a CAD descriptor. The transforma-
tion matrix describes the spatial relationship between the
frame and a global coordinate frame m the workcell. and
the CAD descriptor provides a geometric or shape repre-
sentation of the frame. This representation is in the form
of three mutually orthogonal axes. A frame primitive can
e instantiated based on its spatial relationship descriptor
‘a homogeneous transformation matrix). Fig. 2 illustrates
the structure of the frame primitive. Instantiation of a
frame primitive allows definition of relative frames.

A nigid object primitive is represented by a name a
natural frame representing the spatial relationship of the
object relative to another frame, and a set of properties
such as mass. inertia. and center of mass location. The
center of mass location is specified with respect to the
natural frame of the object. The set of properties can also
include other characteristics of the objects such as ma-
terial properties needed in modeling interactions between
abjects or surface reflectance and other properties needed
for vision-controlled manipulation. The information on
mass. 1nertia. and center of mass location aliow for multi-
ple physical representation of an object in terms of both
a rigid hady meodel as well as a more simy lified lumped
mass model. This dual representation <iniriifies seme of

e somputations mecessary wien ning 12Ut of simi-

! Tyt o f . P T
ulating the wenanss of manpuintion

Name

|
I CAD Spatial |
Descriptor ’ Descriptor !

I ' 44 Matriy

Relative Frames

Figure 2. The structure

instances.

of the frame primitive and 1ts




An object primitive (Fig. 3) owns a CAD descriptor
providing its geometric (shape) representation and possi-
bly one or more auxiliary frames indicating feature loca-
tions on the object. RWORLD uses a polyhedral solid
modeling system for its geometric or CAD representation.
Turthermore. 1t supports two instances of CAD descrip-
ticn. one in terms of the polyhedral model and one in terms
of the more simplified bounding parallelpiped (bounding
bex) or prismatic representation.

Anobjert can also be instantiated based on the homo-
ceneous transfermation matrix associated with its natural
frame. Different instances of an object. in this context,
then represend different locations of the same object in

the workspace or different references to the same object

in terms 5f relative frames. These {rames are usually rep-
resented either with respect to the natural frame of the
cbject or with respect to other auxiliary frames represent-
ing the more basic features of the same object.

. Name
Different =
Locations w~ | Natural
in ?; Frame
Workcell 47 - Lomped Mas
Propettes: - m.l
mass
(X
N Rigxs Body
Model
CAD
Descrip. Auxiliary Frama:
Pols hedral Prismatic l l l l 1 l
Model Mode! Repres. of Features

n

Figure 3 The object primitive and its instances.

Name
Spatal - ‘
¢ Natural
Relaunorany

| Frame

Ve

CAD Descriptor

l

Prismatic
Repres.

A sensor primitive (Fig. 4) is represented by a name. a
type descriptor. and a natural frame: it owns a geometric
CAD descriptor. The type descriptor indicates whether
the primitive tepresents a touch. a tactile. a proxamity.
or a presence sensor. The natural frame represents the
spatial relationship of the sensor in the workeell. Within
RWORLD. sensors are modeled geometrically 1y torins of
prismatic objects only. This means that 1thore s only e
instance of the CAD descriptor for a sen<ir.

The representation of the device pritcitive 1= more
complicated than the other primitives. sinee devices fiv
internal Jegrees of frerdom and are programmal le or re-
quire control statements. A device primitive (Fig. 51 is
represented by a name. a natural frame. a mobility Je-
scriptor. and a set of joints and links. [t owns a set of
motion programming commands and a Toal Center Point
(TCP). The natural frame is used to represent the spatial
relationship between the base cof the device and ancther
frame within the workecell. The mobility Jdescriptor speri-
fies the number of internal degrees of freedom of the device.
The joints and links are lower level primitives residing sub-
ordinate to a device primitive.

A joint primitive of a device is represented by a name.
the joint number within the device (the present design of
RWORLD can only modei devices made of serial kinematic
chains), and a set of joint trajectory limits. These limits
indicate the bounds on joint displacement. velocity, and
acceleration limits as well as limits on the torque (or force)
provided at the joint by the actuators. Such information is
needed to reason about the mechanics of joint motion. The
joint primitive owns a set of joint trajectories consisting of
joint displacement, velocity, and acceleration. It also owns
a CAD descriptor for computer graphic display purposes.

Base Name
Location Tame
Joints
Links
t Name | {Mobllity Name
! # | Properes: | g Lumped
Traj. limns: mass
| disp. TCP ! nertia | WRugic
vel Fomnmds C.G. ‘ Bod:
accel. Natural Features
Muttipie) (Difr. | Frame
TCPs Tasks &
TAD A ‘
CAD Mode! Sodel Frame(s) '
Polyhedral /
Prismatic

Figure 4. The sensor primitive and its instances. Figure 5. The device primitive and its instances
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A link primitive of a device contains a link name. the
link number within the device, a natural frame, and a set
of link properties, including link mass. inertia. and center
of mass location. The primitive owns a geometric CAD de-
scriptor and possibly one or more auxiliary frames repre-
senting features on the link. The geometric representation
of a link also has two instances. one in terms of a polyhe-
dral model and one in terms of a prismatic approximation
cf the polyhedral representation.

The TCP of a device is an auxtliary frame represent-
ing a coordinate system on the last link of the robot in
terms of which the motion program of the robot 1s spec-
ified. The set of motion-programming comands is spec-
ified in terms of this frame. either by an explicit robaor-
programming language or by synthesis from implicit task-
level specification of a robot operation. Instantiation of
the coordinate transformation of the TCP in terms of other
feature frames of the device allows definition of multiple
tool center points. The set of motion-programming com-
mands specifies the manipulation function of a device in
carrying out a task. Diflerent instances of this set repre-
sent different tasks that are to be completed by a device,

The specifications of the four primitives of frames. ob-
jects, sensors, and devices provide for a complete represen-
tation of the geometry and spatial relationships between
the elements of a robotic workeell environment.

4. Physical Representation of the World

The physical representation of a robot workcell
(world) should emulate kinematics as well as dynamics of
objects and devices in the workcell environment. It should
also include models for gravity, friction between surfaces,
and interactions between various elements of the workeell.
This is so because robotic manipulation involves imparting
motion to objects as well as applving forces and moments
to them.

The representation of mass. mertia properties. an
center of mass location for ciowrts fas discussed in the
previous section) facilitates physical modeling of ol -ts
using Newton's laws of motion. The developmeni of pnyvs-
ical (kinematic and dyvnamic) models of devices however
is slightly more involved due to the reiative degrees of fron.
dom between their Jinks.

A key consideration for p..vsical modeling of devices
is the computational efficiency of the resulting formulation
necessary for simulation purposes. The multi-link nature
of a device such as a robot suggests the use of a reciursive
computational formalism. RWORLD automatically gener-
ates kinematic and dynamic models for devices in a form
that would allow compuiations with forward or backward
recursions. This provides enough flexibility in simulating
physical models of devices in real time.

Fig. 6 is a skeleton diagram of a six-degree -of-
freedom robot manipulator with the natural frames oi its
links numbered from one to six. In this figure. the seventh
coordinate frame represents the TCP of the robot. The
kinematic equations for this device describe the spatial
relationship between the seventh and the first coordinate
systems in terms of the joint varizbles of the robot. These
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equations can be derived recursively by considering the
spatial relationship between the coordinate systems of two
adjacent links.

Fig. 7 shows the ith and the (i = 1)th coordinate sys-
tems connected through the ath link. Let (x,y.z,)(j =
1.7 = 11 be s set of three orthogonal unit vectors coinci-
fent. respectively, with the axes of the ith and the (7= 1ith
coordinate syvstems. Since these unit vectors form a dex-
tral set. two of them completely define the orientation of
the corresponding coordinate system

i Freo 70 one can write (6

From the geometry

X1y = X, cosf, =y, sin¥,

and

2, = Z,c080, + (X, 41 X z,)31n 0, A

Substituting from (1) into (2). this last equation simplifies

o

Z,41 = Z,¢05a; + (x,sinf; — y, cos 8;)sin a,

(3)

Equations 1 and 3 form a set of two forward recursive
formulas for calculating the orientation of the (i + 1ith
ceordinate system in terms of that of the ith coordinate
system,

Similarly, a pair of backward recursive formulas can
be derived as

Z; = Z{4)COSQ{ +yi4 SINQ,

(4)

X, = Xy11 €086 + (Z,418INa; — 34 COSa,)sin b,

(3

Figure 6. Skeleton diagram of a robot with natural coor-
dinate systems of its various links.

Figure 7. Two neighboring joints of a robot.




Repeated use of these last two equations allow computa-
tion of the orientaticn of the TCP coordinate system with
respect to the base or first coordinate system. The set of
two equations (1) and (3) or (4) and (3) each require 17
multiplications and three additions plus four trigonometric
evaluations for their comnputations. The forward recursive
formulas perform the computations from the ith coordi-
nate svstem to the (n — [)th coordinate system (n is the
number of degrees of frerdom of the dJevies). The back-
ward formulas. however. compute froin the ith coordinate
svstem to the base coordinaie system,

For most commercially available manpulators. the
link twist angles. a,’s. are eitier 0° or 90°. The result-
ing sunplified equations are:

For forward recursion:
With a, = 0°:

X;o)] = X, CO86, + Y, SNk 2, = 2, o)
With o, = 90°:
X, 41 = X, €086, -y, sinfz,4) =
x,siné, — y, cos b, (7)
For backward recursion:
With a, = 0°:
X, = X, 41 €088, =y, 4180, 2, = z2i4 (8)
With a, = 90°:
X, :xl¢-1cosgl-&zl+15ingl:z! =Y+ (9)
The spatial relationship between the i¢~ 1)th and th

coordinate svstem also requires computation of position
of the origin of one coordinate system with respect to the
cther. The position of the origin of the (1 = L)jth coomAi-
nate svstem with respect to the ith coordinate system is
specified by a position vector v (Fig. 7). This vector can
be wnitten 1n terms of the hnk length. a,
offset s, as

and the joint

r; = 5,2, -~ a4, X, cln

Neow if “r, represent the position vector from the crigin
of the ith coordinate syvstem to that of the jth coordinate
svstem. then the forward recursive formula for the compu-
tation of the position of a coordinate system becomes:

‘ri.; =°r, =1, VI

with-r, =0
ard r} 1s givea in equation (10)
the corrervonding equation 1s

For backward recursion

Ir, =74 + 1] (12)

Equations 11 and 12 each require six multiplications and
two additions.

Repeated use of the recursive formulas for position
and orientation allows computation of full kinematics of
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a robot manipulator or spatial relationships between two
coordinate frames related through a set of other auxiliary
or natural frames.

In addition to the Kinematic vquations. reasoning
about the mechanies of manipuiation requtres meds Line of
quasi-static forcetargue transnnssion charaernis s fa

robot as well 2~ compation 8 erse O

mantpulator. Such nformarion s als e w0 d Lr e g

purposes if the robot i under foree ad or dvnane e
trol.

Even when the oobot s novonnber oo o
the Inverse dyvnamis compntations are e Toas o
about the TCP path traversql soeed and vt e -y
cletimes that will avertoverlc b Dot e o o
Snch computations are also nezessary for il v e

terminatoon 7 and planning of Sptimal trace ot s, The

computation of quasi- state forse transmission chare ier-
1istics of a manmpuiator alicws reasening abwout the forse:
(torques) that are to e appied toworkpre s 1 Jor e oo
trol applications.

RWORLD uses an alzorithm that computes the in-
verse dynamics and the guasi-static force rransmission
characteristics of the manipulator simultanecusly. The tat-
¢ .1 is determined by the computation of the so-calied Ja-
cobian matrix for the manipulator 63, The inverse dyvnam-
ics allow computation of joint torques (forcesi necessary to
achieve a desired TCP velocity and acceleration. The Ja-
coblan mairix allows computation of the joint torques (or
forces) necessary to apply a desired set of forces and/or
torques at the TCP frame. The computational scheme
used in RWORLD uses the backward kinematic equations
together with the Newton-Euler formulation of manipula-
tor dvnamics

The total inertia faree and inertia moment exerted an
s th lnk of A mmnepudator s be congune s rest oo

tvely, from Fiz vy

F. =, V., o
N, = TR DV S Y O Tw
where Trwoand Towe e e st e e e
loeity and angular o cbror U WL res :
me -~ Dith moving eocr it syvstenn 77000 st Dox

ERTTN

Figure 8. Forces and moments exerted on the !
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inertia matrix of link i evaluated about its mass center
and referenced to its natural frame (i.e., the (i + 1)th co-
ordinate system). The angular velocity. **'w,, and the
angular acceleration. '*'w; are computed from

tely, _ rn+l T, i+l _ [+l T, -
w, = "R T w T hw = PPIR ) Tw, (19)
where

ma1 o . 3
L sl T XielYir1244)

and for a rotatinnal joint
W, = W, + Zx‘jx: wl = ‘.vx—l 'L'“'x—-lle'q‘l + zxqi (16)

For a translational joint, these equations simplfy to where
¢.'s are the joint positions (for revolute joints ¢; = 4,).

W, = Wil W, = Wi (17)

The linear acceleration of the mass center of link 7 (in
Equation 13) is computed from

V.= W X+ W, X (W X )+ V, (18)

where for a rotational joint

V=V +w; x(w; Xxr])+wW; xr;{

but for a translational jnint

V.=V,_ +w, xr] +w; x (w; Xr})+2w; X 2,q; +2;q;

the relationships and the constraints existing between var-
ious eiements of the veorld should also be properly repre-
sented and maintained. RWORLD uses affix nent descrip-
tors and ownership relations for relational representation
of the world.

The spatial or kinematic relationships between vari-
ous elements are represented by the coordinate transfor-
mation matrices owned by the natural frame of each ele-
meut. The hierarchical relationshins between vario: ele-
ments are described by the hierarchical relationships be-
tween the primitives and between auxiliary frames. All
these were described in the previous sections. This section
discusses the representation of affixments or connectiities
between different primitives making up the world model.

Affixment descriptcrs. within RWORLD. describe a
form of ownership relations that cannot be instantiated
but can be defined and modified dynamically during pro-
gramming and execution. Each affixment descriptor ‘ias
a. attribute that describes the nature of the affixn.cnt or
ceanectivity of two primitives within tlie world model. At
present two tvpes of attributes are used to represent. re-
spectively, rigid and non-rigid affixments. The rigid affix-
ment is used to describe. for example, grasping of parts by
end-effectors or fixtures. assemblies. and device aggrega-
tions. The rigid affixment is fully supported in RWORLD.

The non-rigid affixment is used to deszribe the situa-
tion where one item rests on another item. The nen-rigid
attribute is only partially supported within RWORLD to
describe situations where objects or devices are placed. in
stable locations. on the top of other objcects or devices. An
example is one block that is placed on top of a larger black.
Furthermore. the non-rigid affixment only represents the
nature of the interdependence of two elements of the worid
from a purely kinematic viewpoint. In cther words. if an
object B is affixed to an object A by a non-rigid affixment.
then if object A undergoes a displacement. object B also
undergoes the same displacement.

The converse of this situation. however, does not hold.
In this process, it 1s assumed that the motion of A neither
change the relative position of object B with respect to _b-
ject A nor does it make object B unstable relative to object
A. Ideally, the non-rigid affixment should also model the
nature of contact and force transmission between the con-
tacting surfaces of the two objects.

The use of rigid affixments aliows creation of assem-
blies by contacanating objects. It also allows creation of
device aggregates at run time without the need to change
or remodel the two aggregated devices as one device. Tkis
is specially important in simulatin > tool changes where,
for example, a robot picks up a dexterous hand. In such
a situation the new robot-dexterous-hand combination ac-
tually represents a new device with a totally different set
of kinematic and dynamic equations.

In RWORLD, siuce the kinematic and dynamic equa-
tions for the robot and the dexterous hand are already
developed in the world model, the rigid affixment (or ag-
gregation) of the twc is handled by considering the two
devices under coordinated control. The parallel command
execution technique described in the next section is then
used to program the motion of the robot-dexterous-hand
combination by separately usii.g the corresponding kine-
matic and dyvnamic equations in a coordinated manner.

When using affixments. the relationships between dif-
feren components of a robot workcell can be described
in the form of a tree or a graph structure. At present,
RWORLD only supports the tree structt-e. The nodes of
a tree are data elements describing one of the four primi-
tives of devices. objects. sensors and frames. Fig. 9 shows
a workcell where two dexterous hands are aggregated to
a robot and the robot i1s aggregated to 1 conveyvor belt,
which 1tself has one translational degree of freedom and
represents another device.

In addition. there are two objects. each grasped by one
cf the two dexterous hands. and with one of ‘he objects
representing an assembly of three components. There are
alco two auxihary frames affixed to this assembly. A tree
representation of this workceli is shown in Fig. 10.

As the rigid affixments are deleted during program
run time. the tree is split into smaller trees at the cor-
responding nodes. This is the case. for example, when
the end-eflectors -elease the objects they are holding or if
the robot performs a tool change replacing the two end-
effectors by cther end-of-arm toolings. The ownership re-
laticnship represented by affixment descrintors allows up-




Figure 9. A robot with aggregated end-effectors before
and after grasping a part and an assembly.

A - DEVICES
@ - OBJECTS

frm_d

M - FRAMES

Figure 10. The tree structure of the workcell hierarchy
of Figure 9 after the robot has grasped the part and the
assembly.

dating the location of all nodes of the tree subordinate
to the node whose location in the workcell is changed.
Crude versions of some of the device aggregation ideas
were also implemented in the STAR program using con-
ventional programming languages such as “¢" {&]. These
implementations. however. did not use parallel operation
of aggregated devices. RWORLD supports both serial and
parallel execution of devices aggregated or operated coop-

eratively.
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5. Handling of Parallelism

Parallelism, in the context of CAD-based simulation
of robotic workcells, is when multiple devices are operating
at the same time. The devices may be aggregated or work-
ing in parallel in a cooperative manner. In such situations
the robot workcell simulation environment should be able
to properly display parallel operations of these devices.
This can be handled by first allowing parallel and serial
aggregation of memory segments allocated to each device
during execution. Then if, for example, parallel processors
are used. each parallel memory aggregate can be allocated
to a different processor; otherwise, the execution should be
swapped between parallel aggregates. In this latter case,
the time increments for the execution of the motion pro-
grams for devices that are working in parallel should be
controlled.

ers. and the motion programs for all parallel devices may
end at different time steps, a device checker should also
be used. The function of the device checker is to check
the aggregation and execution status of each device. This
is done during execution. either to schedule operation of
a device, if it is serially operated with respect to certain
other devices, or to neutralize a device from paralle! opera-
«ton when its task is completd. The device checker also in-
forms the time-step controller about the devices for which
the execution time should be sliced into small increments.
The time-step controller then swaps the execution between
these devices such that a uniform execution time between
all the devices is created. This is all illustrated schemat-
ically in Fig. 11. Fig. 12 is a computer generated display
of three devices (two robots and a convey belt) operated
in parallel to perform a material transfer and an assembly
task.
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Figure 11. The execution envircnment for handling paral-
lelism.

Figure 12 Computer display of parallel operation of de-
vices.

6. World Model Calibration

In CAD-based robot programming and simulation,
uncertainties” are introduced due to modeling errors and
tolerances on geometrical descriptions and specification of
spatial relationships between objects. These errors are in
addition to those introduced by sensors and actuators dur-
ing task execution. The latter set of errors are control er-

rors and can be corrected by sensory control during task
execution. The first set of errors, however, are errors in
the world model. These errors may be corrected by world
model calibration. Calibration uses sensory information
to update the world model.

Most previous studies on robet calitration 1 have

been devoted to robot programmung sv-rems using sim-
plistic world models. These svstems <10 use the robot
kinematic equations as part of the world nindo) and. in ad-
dition. are not supported by a siiuiatron - nvircument or

a geometric modeling system. Furthermor+ recuiar rohot
calibration procedures only involve calibration of internal
robot model and not all the components «f tiis rabot work-
cell. Calibration of all the components of the warid model
of a robotic workeell requires sensory interactions Letween
the world model and the robot workeell.

Grossman and Taylor [10] have described a sys-
tem where a robot itself is moved to a position within
its workspace to update position or orientation data.
Hasegawa [11] has developed a system that can be used
to construct and calibrate position data as well as to ver-
ify geometric shape models in an interactive fashion. More
recently, Ishii et al. [12] have developed a sensor that can
ease up the sensing of position and orientation data in a
robot workcell environment.

In RWORLD, we are develoning « svstem that uses
a combination of tactile and vision sensing for monitoring
the workcell. Once sensory data is obtained from a robot
workeell, it is used to modify the world model. In CAD-
based programming. calibration is usually performed be-
fore the robot program is downloaded to the actual robot.
This means that the already-generated robot program may
also have to br modified due to the modifications of the
world model. In order to make the robst procram inde-
pendent of the numerical data associated with the robot
workcell. RWORLD uses the abstract primitive represen-
tation of the workcell in terms of devices. chjects. sensors.
and frames.

The numerical -lata on spatial relatiensiups and phys-

ical and shape properiios are all Kept m sepa fies that
can be accessed b the corresponding po I7 the
robot program s 11 written svmibiniicalls terms of
these primitives. upiai~ of the numeri=: vaiue i the

world model does not require any changes i the robot
program: it only requires the update of numerical val-
ues in the corresponding numerical data files Further-
more. since present robot-programning languages do not
support many of the details associated with shape infor-
mation or physical properties of the world. onlyv calibra-
tion of spatial (or kinematic) relati>nships is considered
in RWORLD. The system. however is designed to sup-
port more higher level calibrations for shape or physical
properties.

7. Simulation of Sensory Interactions

In CAD-based simulation of sensory robots. the world
model should be able to model sensory interactions that
may occur between the robot and its workcell environment.
This is necessary in order to allow reasoning about error




recovery in programming robots equipped with external
sensors. There are two main categories of external sensing
techniques. one involving local and the other using global
interactions with the environment. The existing sensing
functions for the first category include touch. proximity.
force, and presence sensing. Vision is probably the most
important external sensory function involving global (long-
range) interaction with the robot environment.

In a CAD-based robot simulation system. stmulation
of local sensing functions involves interactions with geo-
metric models of objects. This means that all such sensory
functions can be simulated geometrically. RWORLD uses
interference checking between geometric models of sensors
and objects to simulate touch, tactile, presence. and prox-
tmity sensing functions. Existence of interference between
the geometrical model of a sensor primitive representing a
touch sensor and that of an object simulates existence of
contact between the two elements. This is very simple and
was suggested by Meyer [13].

Meyer also suggested the use of simple interference
checking to simulate the use of a light beam between the
fingers of an end-effector to check presence or absence of
objects. In this case. the geometric model of the sen-
sor should represent the geometry of the light beam. If,
in addition to touch, distribution of contact (tactile in-
formation) is also to be simulated, then the problem is
slightly more complicated. RWORLD partitions the ge-
ometric model of the tactile array into an array of small
geometrical segments and then performs the interference
checking between each segment and the object. All seg-
ments having interferences with the object are then color
coded for display of distribution of contact (Fig. 13).

The simulation of proximity sensing is also very sim-
ilar to this and again should use interference checking for
segmented models. In thir case the geometrical model of
the sensor consists of a prismatic object having the same
size as the volumetric range of the actual priximity sensor
being simulated (Fig. 13). This geometric representation
of the volumetric range of the sensor is partitioned into
segments. each representing units of proximity to the ob-
ject to which the actual sensor 1s attached. The proximity

-

rierng!
roximity

Tactile
Sensor

Pac mooes

xema!
roximity

Figure 13. Geometric partitioning for simulation of tactile
and proximity sensing.
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sensing function can then be simulated by checking for in-
terferences between the segments of the sensor mindel and
the external object. The segments having interferences
with the object are then color caded {ar display purposes
to tllus*rate the remaining units of closeness to the obeet,

Simulation of the sensory finerions deseribe U< far
requires algorithms for fast detestinn i oS B
tween geometric (solid) models. This 1o why [WORLD

uses prismatic approximation of polvhedral <aliis in the
second level of its multi-level representair g - §onnetrie
shape information. Interference Letwern prisninsic solids
can be computed daster than that of polihedrad < lids

A higher level of complication arise~ 1 fore sensing
is to be simulated geometrically. Tn this case volume of
overlap between the geometric model of the sensor and
the ohject should be computed in additicn to chiecking for
the existence of overlap or interference. Diflerent amounts
of overlan should also be calibrated in relation to different
levels of force readings in the actual force sensor.

Simulation of global sensory interactions with the en-
vironment such as that of vision has not vet been consid-
ered for RWORLD.

8. Conclusion

This naper has discussed the basic elements of world
modeling for CAD-based robot programming and simula-
tion. The design of an advanced world modeling system,
RWORLD., is also presented together with examples from
partial implementations of some of the elements of the sys-
tem. The overall design of RWORLD is very open ended
and flexible. Its implementation can grow to a powerful
but generic system that can form the basis for robotic sim-
ulation. programming. and control.
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Introduction

In CAD-based off-line programming and simulation, it is necessary 10 have an appropriate
model of the robot world. The world mode! provides the necessary knowledge of the
robot workcell for a task planner to generate appropriate robot moton contol commands.
The task planner accesses the world model when converting motion commands into
rajectory directives and updates the world model when the state of the workcell
configuradon changes. During robot task execution, for example, parts are grasped.
epositioned and released or assemblies are created. All this must be reflected within the
world model.

Up to this moment, existing CAD-based off-line programming and simulation systems only
work with nominal world models. Robot programs, called nominal robot programs, are
created based upon these nominals models. However uncertaindes exist in the physical
world, uncentainties whose values cannot be exactly determined at the time the nominal
world mods] and robot program are created. Even if one is able 10 measure and determine
the uncertainties on a specific moment, it is possible that new uncerainties will be
inmoduced before, or during robot program execution.

There are three major sources of uncenainties: (1) the manipulator, (2) the objscts 10 be
manipulated. and (3) the inmoduction of these objects into the work environment

To eliminate or reduce the second and third source of uncertainties, the nominal world
model should be calibrated before robotprogram execution. This means that we have 10
define the real locaton of a number of frames in the world model. The location of each
object or device in the world model is defined by a special frame, named the narural frame
of the object or device, so we can deal with the third source of uncertaindes by defining
the real location of these natural frames. Special characteristics of the objects (grasp
locations, holes, ...) are represented by auxiliary frames. Defining the real location of these
frames eliminates or reduces the second source of uncertainties.

The first source of emrors can be deal: with in differsn: wavs. First one can calibrate the
kinemauc model of the robot befors robot program execution. Secondly. it should be
possib]‘ 10 execute the robotprogram only once with sensorny feedback (2.g. force! 10
determine the eors caused by the imperfec: kinematic mode] of the mamoulaw' Tnirdiy.
the TODO! program execurion can be done with on-iine sensony feedback (e.g. exiernal force
control) 1o deal with these errors. The last two possibilites have the exma advantage tha:
they aiso reduce the errors caused by unmown uncertainues OT uncenainnes inroduced
during exscuuon.

In this work the emrors introduced by the imperfect kinematic model of the manipuiator will
bs reduced by using the second or third method. The first method can form pan of future
resecarch and can then bs compared with results obrained by the two other methods.

Tne firs: pant of this work will consist in developping a world mode! calibration procedure.
Tnis procsdure will be impiemented in tae world modeiing system RWORLD. As we wijl
¢ further RWORLD uses a mult-primidve representation of the workcell environment.

Tn:se pnimigves are devices. nigid objects, frames and sensors. To make worid modsl




2

calibration possibie, we have 1o introduce a new primidve: the feature primitive. It is this
feature primitive that will be measured in the physical worid. The measurement of the
features will be only based on point measurements.

The global procedurs for creating a robot prozram. including calibration of the worid
model, can be briefly outlined as follows:

create a world model, consisting of devices, objects, sensors and frames
create a frame based robot program

inoduce features into the world model and condition the location of imporiant frames
upon these features
create a world model calibration procedure
casure necessary features with point measurements
update world model and/or robot program
executs robot program without on-line sensory feedback
or

7. execute robot program with on-line sensory feedback
or

7. execute robot program once with sensory feedback, update robot program, exscute
robot program again without sensory feedback

LS I P ]

~N oW b

Step 1 and 2 are classic sieps, also occurring in existng systems. Step 3 is new and will
be explained later. Step 4 can be viewed as the creaton of a list with measuring

irectives: which features have to be measured? Step 5-7 are self-explanatory. When we
say "creats” in step 1, 2 and 4 we mean: create interactively with the system. However
research should be done to automate the 4th step. Enough information, generated by the
third step should be available to do this automation.

Intoducing the feature primitive for world modsl calibraton opsns the door to robot
programming on feature level. Today robot programming is done on frame Jevel. Moton
commands are generated based on frame locatons. Rssearch should be done to facilitate
the robot programming by reasoning on feature level ,

Finaliv a sensor device should be dssigned that enables us to do poini measurements In
space.




World model calibration
1. RWORLD

In a complex application, a manipulator may use several different tools and end-effectors,
interact with equipment or manipulators, use sensory data and manipulate and process parts
10 create component assemblies or products. The tools or end-effectors used may be other
complex manipulators such as dexterous mechanical hands. The parts may also be
subassemblies of other parts. This means that robot workcells consist of hierarchical
aggregauons of several distinct elements such as parts, equipment and sensors each having
different physical representations. A rigid part, for example does not have any internal
kinematic representation while a manipulator does have an internal kinematc representanon
dus to the reladve freedom between its links. For this reason, RWORLD uses a muld-
primitve representaton of the workcell environment at an abstract level. These abstract
primidves are devices, rigid objects, frames and sensors. The following figure illustrates
the hierarchical organization of these four primigves:

device

object «— sensor

N

A device is an entty having one or more internal degrees of fresdom. Examples of
devices are robots, machine 100ls. convevor belts, end-effectors and fiexible fixtures. A
rigid object is an entity with no internal degress of freedom but capable of being movec
with six degrees of freedom in the workcell environment. Exampies of objects are
workpieces and tables. The two primitves of devices and objects are defined in a
hierarchical fashion such that objects can be accessed by devices but devices cannot be
accessed by objects. Frames are the third primidve in the world model: They are used to
mark a locadon (position and orientaton) in space. Each device, object and sensor owns a
frame, referred 10 as natural frame. that represent its locaton in space. In addidon to their
use as natural frames, frame primitves are also used to mark characterisdc locations on
objects or devices. Such frames are referred 10 as auxiliary frames. Sensors are the last
primitive within the world modsl. A sensor primidve provides a functional representanon
for sensory interactons for simuladon purposes.
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2. The feature primitive

The calibration of the nominal world model consists in defining the real locations of
important natural and auxiliary frames in the world model. Therefore measurements have
10 be carried out on the physical robot workcell. As stated in the inwoducuon, at this
moment we only allow point measurements. Furure research may investigate other possible
measurement methods. Whatever method of measurement is used, it will always be subject

1o errors. Therefore a least squares approximation approach will be urilized 10 minimize
these e1Tors.

The locaton of the natural frame of an object in 3D-space is totally defined by the
positon of three non-collinear points on the object, so we would have enough information
to find the real location by measuring thres points on the object. To eliminate or reduce
the errors inoduced by the measurement of the three points, we measure more than three
points and do a least squares approximation. The next queston that arises, is which
muldple points to measure. Because we are dealing here with CAD-based off-line
programming, we can assume that we have a geomewic model of the object. So we can
assume that we know the equations of several features (surfaces, curves, ...) of the object
ciative to the object’s narural frame. erefore we will measure multiple points on
features and we will define the equations of these features with a least squares
approximauon approach to reduce the measurement €rTors.

So to caiibrate a2 nominal world model, we will only perform point measurcinents on
features. These point measurements will enable us to define the real equations of the
features relative to the world frame and ihe real equadons of these features will enable us
to find the real lecations of natural and also of auxiliary frames. It is this informaton, the
real locations of a number of frames, that we are looking for in world model calibranon.

ecause up to this moment robot programming is based on frame informauon. not on
feature informanon.

To define the real locadons of these important frames by point measurements on features
we have to connect these frames to faatures. A frame will be connected to a featurs by a
condidon. The fearurs will as such condidon the frame (e.g. the (X.Y';-plans of the frame
has 10 be paraliel 10 a plane featurs). Thersfore. a featurs primiuve. which is 2 geomemic
characteristic of an object or a device and is owned by that object or device. will b
introduced into the hierarchical organizadon of RWORLD priminves:
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device
object

feature Sensor
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A frame can be connected to a feature which imposes a condition on the frame. In that
case the frame and the feature have to belong to the same object or device.

frame

3. Defining the equations of features by point measurements

To define the equations of features we will perform point measurements on these features.
To eliminate or reduce the measurement errors, we will do a least squares approximation.
In this chapter we will discuss the plane feature.

In many physical and statistical investigations it is desirable to represent a system of points
in space by the "best-fitting” plane. Analytcally this consists in taking

Z= 2+ aX + ayy

where x. v and z are variables, and determining the "best” values for the constants a,. a.
and a. in relation to the observed comresponding values of the variables. In nearly all cases
dealt with in texi-books of least squares. the variables on the nght of our equations are
treated as the independent. those on the left as the dependent variables. In many cases
however, as in our case, the "independent” variable is subject to just as much deviation or
error as the "dependent” variable. In these cases, we will consider as the "best fit", the
plane that minimizes the sum of the squares of the perpendiculars from the system of
points upon the plane.

So let P,, P,. ..., P, be the svstem of points with coordinates (x,. v,, z,), (Xs. V3 Z). .oy
(X ¥,. Z,) and perpendicular distances p,, p; .., P, from the plane. Then we shall make

U = X(p®) = a minimum.

Let X = Z(x)/n. ¥ = I(x)/n and 2 = S(x)/n )
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be the mean values of the variables;
ol=3X(x)mn - %, 02=230y)n-¥ ad o} =2T)n - F )
be the standard-deviations, and, lastly, let
T, = 2(Xy) - NRY. T, = 2(xz) - n%7 and 1,, = 3(yz) - n¥Z, (3)
no,o, no,o, no,o,
be the correladons of the variables.
Now let 1, 1, and 1, be the direction cosines of a plane
Ix +Ly+lLz=p 4)
at a perpendicular distance p from the origin. We shall have
12+ 12+ 12=1 (5)
Then we require to make a minimum of
U=2(0x+Ly+Lz-p) (6)

by variation of 1, 1,, 1; and p subject to (5). The Lagrangian multiplier theorem is used to
minimize U under the constraint (5). To use this theorem a Lagrangian multiplier Q and a
function U" are introduced:

U'=30x+Ly+1Lz-pF-Qlr+1+1*-1
Differentiation with regard to p gives:
L2(x) + LI(y) + LE(v,) -np =0
or
p=1lX~+1LV+1zZ 7
which shows us that the best fiting plane passes through the cenmoid of the system.
Differennation with regard to 1, l. and I; gives:

oU = 0 = 1 T(x?) + L(xy) + LE(xz) - pZ(x) - QL.
ol,

U=0=..
al,
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3U =0 =
dl,
substituting for p from (7) gives:
LI + LIxy) + LE(xz) - LxZ(x) - L§E(x) - L2E(x) - Ql, = 0
using (2) and (3) gives:
Lo + lo,01, + 1,601, - (Qn)], =0
lo,01, + 1,02 + lo,0r, - (Q/M], =0 (8

16,01, +1.0,01, + 1,6} - (), =0
These are the type equations.

We can proof that Q = U, = minimum value of U. Let S be the mean square of the
residuals:

S=3X0x+1lyv+1lz-py
n

Then: Q/n = §; this gives a physical meaning to Q.

The determinantal equatdons of the type equations:

(62 -9) G,0,5,, 0,01,
6,0.5,, (6,” - S) 6,0.1,, =0
0,0.1,, 0,01, c; - S

or )
(1-S5/6} 1, T
T, (1-5/6% 1, =0
I, I, (1 - S/6,}

We must choose the least root of this equation, for the mean square residual must be as
small as possible. Substtute this value of S in the type equations and we find the required
values of 1,. 1, and 1, using (5).

A least squares approximation of a straight line can be done in a similar manner.




4. Natural frames
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Defining the real location of the natural frame of an object is equivalent to defining the
ransformaton matrix T of that frame relatve to the world frame. As stated above, we
will perform point measurements on features. Up to this moment, in defining the real
location of natural frames, we will only use planes and straight lines as features. The
measurements will be performed relative to the world frame, so they will give us the
equations of the planes and lines relative 1o the world frame. From the geometrical model
of the object we also have to our disposal the equatons relative to the object’s natural
frame.

These equations, relative to the world frame and relative to the object’s natural frame. form
the input to an algorithm that will calculate the wansformation mamx.

Measuring points on a line or plane in an arbitrary way. will resuit in equations without
orientation informaton. If we need orientaton information. we have to measure the
features in a specific wav. For a line, the first and last point will define the onentagon of
the line: for a plane, the last point will be a point above the plane (above means outside
the object).

So we have the following equations:

- straight line:x = x, + ra
Y=yt rb
z=12 +r1¢

or: (x,. y,. z,) and sign-(a, b, ¢)




- plane: ax + by +cz+d=0

or: sign-(a, b, ¢, d)
With sign = 1 and sign will only be known if we have orentation information.

In the following, we make distinction between the zase with orientation information and the
case without.

4.1. Features with orientation information

4.1.1. Necessary and sufficient information to define T

In this paragraph we define the minimum number of features we have to measure.

4.1.1.1. General

- 1n the following a is a vector reladve to the world frame and a’ a vector relative to the
object’s natural frame

- we divide the problem in finding the rotation matrix R and the translation vector ¢
with: T = [R 1
01

- for R we need 2 direction vectors
proof: - given a, = (a,, a,, 2,)" and a

2, = (2, 2,, a,,)" and a;
calculate: g, = @, x a, )

a; = a; x a;
- then:{a, a, a, a;, a4, a,, ,
3, &, a&,| =R |aj, a, a;,
an alz a‘sz a;z a;.x a;x
-ort A= RA
-orn R=AA"

4.1.1.2. Points

- if we only measure points, we need minimum 3 non-collinear points




- proof: - given: 3, b, ¢ and 2’, b’, ¢’
- we can consmuct two direction vectors: I, =
I =

Lall =
L}
i

so we can find R
- since we have 2 position vectors, we can find ¢t

4.1.1.3. Staight lines

- if we only measure straight lines, we need minimum 2 non-parallel straight lines

- proof: - given: - line 1: direction vector g, and a point p; on the line
(and also a; and a different point p’)
- line 2: g, and p,

- we have 2 direction vectors, so we can find R
- we can calculate 1 specific point on one of the lines : e.g. the point on line 1
closest 10 line 2 (see fig.); so we can find {

\ 1

/a \
2

4.1.1.4. Planes

- if we only measure planes, we need minimum 3 non-parallel planes

- proof: - the intersection of the 3 non-planar planes results in 3 non-parallel swaight lines,
so we have enough information (see 4.1.1.3.) '

4.1.1.5. Combinadon of straight lines and planes

a) 1 Staight line and 1 plane
- sufficient if the straight line is not paraliel nor perpendicular to the plane




- proof: - R: take direcdon vector of the straight line and the perpendicular to the plane
- 1. calculate intersecting point of the swaight line with the plane
- because the 2 conditions on the straight line and the plane are somewhat contradictory, 1
straight line and 1 plane are sufficient, but the algorithm will be numerically instable.

b) 1 Line and 2 planes

- sufficient if the straight line is non-parallel to the intersecton of the planes
- proof: - with the straight line and the intersection of the planes we have two straight
lihes (see 4.1.1.3))

4.1.2. Defining T with 3 or more points

4.1.3. Defining T with 3 or more planes
-given: - fori=1,n
- (s Gy Qs 9s) from plane gox + gy + Quz + 4, =0
measured relative to the world frame

- (2, &, a,, 3,) from plane a,x + a,y +a,z+2a, =0
measured relatve to the object frame

- theniq,, 4,1 9. Qo 4 4, & 4
Qe Gy Q2 Qo = |2 2 2, 25| T )]

Qe Qe Gz Ga s A, 8y By
(for proof see Appendix 1)

or Q= AT

0

so I = [BT -ET'EI
0 1

- substtutdng into (9) gives:

-T = [B_ ;] with R orthogonal. so R™R =]
1

Q: q.: Q. 4, 3,; &, }
Qe Gy Qo] = |2c & 2| R

Qe Gy Q= & 3y 24

and




I

Ja a, 4, 4, ; a,
Qo| = -|aw 2, 3, R+ |ag

Qe e &y &y A

- this gives two sets of equations:

Gu Qe - e 2, By o Ay

Q1492 G| =R (2,3, a, (10)
QG4 - Qe 4 4 ... Ay

and

Ge G qyl 9. L 2

Gl = - 192 Gz Q2 " (41 + |32 (11)
Qa 9x 9y 9= - W

we will solve the two sets of equations separately

4.1.3.1. Solving for R

(10) can be written in the following way:

pord -afad

or g =Rafori=1,n

or Q=RA

We have to find the rotation matrix R such that R™R =]

Applving least squares approximation we can define the following function that has to be
minimized:

fR) = Z(Ra - )Rz -

The Lagrangian multiplier theorem is used to determine the marrix R that minimizes f
under the constraint condition R™R = ]. To use this theorem a (3x1) vector S of
Lagrangian muldpliers and a function F of R and § are introduced:

FR 9 = f® + S"®"R - DS

To find R and S we take the partial derivatives of F with respect to R and S and equal
them to zero.
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dfF =0 gives R'R =]
oS
oF = 0 gives:
as
F=2@"R"Ra)- 2@"R"q) - 2(q"Ra) + X(@g"g) + SRR - DS
gg= 0=2%2Raa)-2@a)-2@a) +0+2RSESH
2RZ@a" - 22@QaD + 2RS8ST =0
RAA"-QA"+RSS" =0
R(AAT+ 358" = QA" (12)
with § =AA"+8§"
M=0Q4A"

(12) becomes: Li = R-S’
with R™R =1 it follows that:
$?=8"R"RS§ =M'M
M™M is a symmetric matrix with eigenvalues D,* 2 D,,? 2 D,,* 2 0 and a comresponding
set of three orthogonal eigenvectors. The eigenvalues are arranged on the principal

diagonal of an matrix D* while the eigenvectors are considered as the columns of a (3x3)
matrix V. From the definition of eigenvalues and eigenvectors it is seen that:

MM=8%=YDVY and V'V =]
A solution for the symmetric matrix ' is therefore given by §' = V.D-V", where the signs
of the principal diagonal components D,,, D,, and D,; of D are positive (this can be
proofed). :
Insertion of this solution into M = RS’ gives:
M = RYDY'
or RYD = MY = [m, m. mJ

As D is a diagonal matwix, column 1 and column 2 of RV are equal to (1/D,,)'m, and
(1/Dy)m, respectively. The third column of RV follows from the observation that R-V is




orthogonal. So the final result for R is given by:

R= [(I/Dn)‘ml (1/Dy)m, (llDu-Du_)'(m,xm% A
Concluding, the procedure for the calibration of R is the following:
1) determine M = Q-AT
2) determine” the eigenvalues and eigenvectors of M™-M
3) calculate m, m,m, of MV

4) calculate R according to (13).

4.1.3.2. Solving for ¢

(11) can be writien as:

Q. qyl qxl ty a, - Qi

Qe G2 Q) [§] = |82 - Qa

t, ces

qn qyn qu 4, - Qq
or: Qt=d

This is an overdetermined set of equations: we can solve this with a least squares
approximation. The normal equations are:

Qo = QJ
so 1= (QQN"(Qd) ’
The solution of a least squares problem directly from the normal equations is rather

susceptible to roundoff error. An alternatve, and preferred, technique involves Singular
Value Decomposition, the benefits of which we may investgate in the future.

4.1.3.3. Remark

Another possible way of calculating the transformation matrix is not to take in
consideration the orthogonality constraint; then we don’t have to split the calculaton up
into two steps, we can calculate T in one swep with a least squares approximaton.

Starting from equadoa (9) we have:
QoT = AvT.Ix

(13)
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Q"I = A"
o =a
I'= A QMQQ
I=@QQ7QaT

The same remark can be made here, that it is beiter to use Singular Value Decomposition.

The advantage of this technique is that the algorithm is shorter and that it can be used for
4.1.2. with no changes. The disadvantage is that we don’t have any assurance on the
orthogonality of R. Therefore research should be performed to investigate what will
happen kinematically if we represent the location of frames by a transformation matrix with
a nearly orthogonal matrix and both methods (method with and without orthogonality

assurance) should be compared by an accuracy and sensitivity analysis. We can do this in
the following way: :

A v vsi

generate with a random number generator (RNG) a translation vector and 3 Euler angles
out of which we can calculate an orthogonal matrix R; this gives us a wransformaton
matrix T
generate with the RNG the equatons of 5 planes; this provides us with Q’
transform Q’ into A’ :
- with A’ and Q’, use both methods to define T,
compare: (t,, - t,)-10°
Itijl
check orthogonality: calculate R,"R,

+

nsigry Vsl

- calculate T, A’ and Q’ as in the accuracy analysis
introduce a relative error € in Q' with 0.1% <€ € < 1.0%, so Q; = (1+£)-Q’
(e will be generawcd by a RNG)
with A’ and Q;, use both methods to define I,
compare: (I, - 1,)-10*
I
check orthogonality: calculate R,"R.




4.1.4. Defining T with 2 straight lines
, 4

- construct 3 planes: ¢ containing line 1 and perpendicular to line 2
» containing line 2 and perpendicular to line 1
* containing line 1 and paraliel to line 2

- remark: the two lines may be intersecting

4.1.5. Defining T with more than 2 lines or with a combination of lines and planes
Reduce all the information to planes as in 4.1.4.

Define T following 4.1.3.

4.2. Features without orientation information

4.2.1. Necessary and sufficient information

If we only have features without orientation information, we will compute intersection

points between the different features and we will define T with this intersection points.

Following 4.1.1.2 we need a minimum number of 3 non-collinear points to define T.

- 4 non-parallel planes will yield 3 non-collinear intersecnon points

- under the following conditions (see fig.) 3 straight lines will yield at least 3 non-
collinear points L1

PI =

L2




- 2 of the lines have to be scew

- the third line may be any line except the line through P1 parallel to L2 and the line
through P2 parallel to L1

4.2.2. Defining T with 3 or more points

First we have to compute at least 3 intersection points. These means that we need
algorithms to compute the following:

- the intersection point betwcen two intersecting lines

- the intersection point between a line and a plane

- the intersecting line between two planes

- the two closest points between two scew lines

The algorithm to define T with 3 or more points is similar to that one with three or more

planes (see 4.1.3.). It is based on the same concepts, so we will not explain the algorithm
in detail here.

5. Auxiliary frames and condition types

The previous paragraph dealt with the first part of the world model calibration: defining the
real locations of the natural frames in the world model. This first part eliminates or
reduces the errors caused by the introduction of the objects into the work environment.

The second part of the world model calibration deals with the objects themselves. It
consists in defining the real locations of auxiliary frames. These auxiliary frames represent
special characteristics of the objects. In defining the real locations of auxiliary frames, we
will also use circle features.

As mentioned in chapter 2, to define the real locations of the frames, we will connect the
frames to features by imposing a condition on the frame.

A natural frame will be connected to several features and can as such be conditioned by 2
condition types:

Cl: determines the ransformation matrix of the frame without considering orientation

C2: determines the tansformaton matrix of the frame with considering orientaton

An auxiliary frame can only be connected to 1 feature and as such be conditioned by the
following condion types:

C3: ‘imposes the origin of the frame to lic on the line or plane feature




C4: imposes the X-axis of the frame to be perpendicular to the plane feature
C5: imposes the Y-axis of the frame to be perpendicular to the plane feature
C6: imposes the Z-axis of the frame to be perpendicular to the plane feature
Cr. imposc§ the (X,Y)-plane of the frame to be perpendicular to the line or plane feature
C8: imposes the (X,Z)-plane of the frame to be perpendicular to the line or plane feature
C9: imposes the (Y,Z)-plane of the frame to be perpendicular to the line or plane feature
C10: imposes the (X,Y)-plane of the frame to be parallel to the plane feature
C11: imposes the (X,Z)-plane of the frame to be parallel to the plane feature
C12: imposes the (Y,Z)-plane of the frame to be parallel to the plane feature
C13: pointing to a circle feature, imposes the following conditions on a frame:
- origin of the frame must be identcal to the center of the circle
- (X,Y)-plane of the frame must be identical to the plane of the circle

You can find the algorithm for Cl and C2 in chapter 4.

For each other condition (C3 - C13), used on auxiliary features, we have to develop an
algorithm that will adjust the transformation matrix of the frame to the condition imposed
by the feature.

For instance, with C3, the origin of the frame will be projected perpendiculary on the
feature and the frame will be manslated accordingly.

6. Example

The global procedure for creating a robot program, including calibration of the world
model was briefly outlined in the inroducton. For a better understanding of the third
step, namely the introduction of features into the world model and the conditioning of the
location of important frames upon these features, we will give a short example.

The following figure views an object with 5 frames auached to it. Frame 1 is the natural
frame of the object. Frame 2 to 5 are important auxiliary frames necessary in an assembly
operaton.

To calibrate this model we will introduce six features into the model and conditon the
location of the frames upon these features according to the following conditon types:
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- frame 1 will be connected to features 1 1o 5, which impose condidon C1 on the frame
- frame 2 will be connected to feawre 2, which imposes condidon C12 on the frame

- frame 3 will be connected to feature 3, which imposes condidon C6 on the frame

- frame 4 will not be connected to a fearure, but it is connected to frame 3

- frame 5 will be connected 1o feature 6, which imposes condidon 13 on the frame

After measuring the 6 features the location of the 5 frames will be updated according to
the imposed conditons.




Appendix 1
If a point v = |x| lies in a plane R = [a b ¢ d] then the matrix product:
:
1
Rv=0 (M
or in expanded form:
ax+by+cz+d=0 2)

Let T be a transformation matrix representing a natural frame (X, Y’, Z’) of an object
relative to the world frame (X, Y, Z).

Given [x’ y' 2’ 1]7 the coordinates of a point relative to the natural frame and [x y z 1]°
the coordinates of that same point relative to the world frame, then:

*

=Ty (3)

— N X
— N R

Given [a’ b’ ¢’ d’] the row matrix of a plane relatve to the natural frame and [a b ¢ d]
the row matrix of the same plane relative to the world frame, then:

l[abcd]=[a"b ¢ d}T 4)
as we require that:

[abcd) =[a’ b ¢’ d’}

X x’
y v’ (5)
z z’
1 1

To verify this we substitute from (3) and (4) into the left hand side of (5) and we obtain:

[a° b’ ¢’ d‘]'I’-I- x| =[a b ¢ d]) |x°
y’ y
z’ 2’
1 1




If we have more than one plane, we can easily expand (4) into:

3, b,c,d} |ab;c d
% b, 6 4= 2 b; ¢; d;| T

abc,d| |ablcd
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